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Semi-hadronic Tau Decays at CLEO 

Alan. J. Weinstein a * 

a California Institute of Technology, 
Pasadena, CA 91125, USA 
Representing the CLEO Collaboration 

We describe recent results from the CLEO experiment on semi-hadronic decays of the tau lepton. We discuss 
the analysis of sub-structure in the decays t~ — > -k~tt°is t , (3iv)~i/ r , (47r)~^ T , (67r)~i/ r , and r}X~v T . Various 
applications of these results are also discussed. 



This contribution reviews several new or up- 
dated results on substructure in semi-hadronic 
tau decays, recently published by the CLEO Col- 
laboration. These results are all based on data 
collected with the CLEO detector at Cornell's 
CESR collider, in the reaction e + e~ — > t + t~ at 
y/s ~ 10.6 GeV. Most of these results are based 
on w 4.3 x 10 6 t + t _ pairs collected with the 
CLEO II detector between 1990 — 1995. Some 
(where noted) also use « 8.0 x 10 6 t + t~ pairs 
collected with the CLEO II. V detector (which in- 
cludes a silicon vertex detector and better drift 
chamber tracking) between 1995 — 1999. 

1. Hadronic substructure of tau decays 

All the tau decay branching fractions larger 
than 1% have been measured reasonably well, 
with errors that are dominated by systematic un- 
certainties. The next step in exploiting tau de- 
cays to learn more about the Standard Model is 
to explore the substructure of the decays to three 
or more final state particles. 

For the leptonic decays r — > £v^v T , the sub- 
structure is parameterized by the Michel pa- 
rameters; precision measurements of these serve 
to constrain the charged weak couplings of the 
tau, beyond the well-understood Standard Model 
V — A couplings. 

For the semi-hadronic decays r — > Xv T , the 
study of hadronic substructure is a clean probe 



of one of the least well understood aspects of the 
Standard Model: low energy meson dynamics. 

In tau semi-hadronic decays, momentum trans- 
fers are small, so final states are dominated by 
resonances (vector, axial- vector, and to a lesser 
extent, scalar and tensor resonances); see Fig. [I]. 
Lacking a fundamental theory of meson resonance 
dynamics, these processes are described using 
models. 
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Figure 1. Cartoon of semi-hadronic tau decay 
to mesonic final states dominated by intermediate 
resonances. 
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The weak decay r~ — * W*~v T (and its charged 
conjugate, which is implicitly assumed through- 
out this paper) is assumed to be well described 
by the Standard Model V — A current, and the 
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poorly-known hadronic physics in the transition 
W*~ — > X~, where X is a system of hadrons, is 
described by a spectral function v(q 2 ) where 
q 2 = M\ is the invariant mass squared of the 
hadronic system. The "production" and "decay" 
of the X~ system separates cleanly; for decay to 
non-strange final states, 



dT _ G 2 F \V ud \ 2 



dq 2 



32tt 2 Ml 



(M 2 -q 2 ) 2 (M 2 + 2q 2 )v(q 2 ),(l) 



7* — * uu,dd in e.g., e + e — > X® ad , with s = q 2 



«x(s). 



(2) 



CVC also forbids J p = + final states from form- 
ing. The axial-vector current is not so heavily 
constrained (PCAC, sum rules); tau lepton de- 
cay is well suited for study of light axial vector 



with an analogous expression for Cabibbo- 
suppressed decays. The spectral function con- 
tains all the strong interaction dynamics. 

CLEO can measure v(q 2 ) using exclusive final 
states like X = 2tt, 3n, etc.; it is more problem- 
atic to do inclusive studies, due to backgrounds 
and cross-feeds between different exclusive final 
states. 

1.1. Theory of tau semi- hadronic decays 

The low-energy dynamics of strongly- 
interacting mesons is the poorest understood 
aspect of the Standard model. The tools that 
we have to understand the structure of the 
spectral function v(q 2 ) are: Conservation laws 
(Lorentz invariance, isospin, SU(3)f, G-parity, 
etc.); resonance dominance models and the PDG 
catalog; the Conserved Vector Current (CVC) 
constraints; QCD sum rules (for inclusive stud- 
ies); Chiral perturbation theory of pseudoscalar 
mesons and higher mass resonances (applicable 
only for momenta close to threshold); QCD on 
the lattice; and non-perturbative models inspired 
by S-matrix theory. 

For t~ — * v r ud (i.e., with strangeness = 0), 
the strong hadronization of the ud into observable 
mesons conserves parity, isospin, and G-parity, so 
that J p , I G are good quantum numbers of the 
hadronic current from weak decays [0J2). The 
weak vector current produces systems of pions 
with J p = + or 1~, even G parity, and even 
numbers of pions. The weak axial-vector current 
produces systems of pions with J p = CV or 1 + , 
odd G parity, and odd numbers of pions. 

CVC relates the vector part of W*~ — > ud in, 
e.g., t~ — > Xr m t to the isovector I — 1 part of 



We expect the 2ir final state to be dominated 
by the vector resonances p(770), and its (broad 
and thus poorly understood) radial excitations 
p'(1450), p"(1700). The masses, pole widths, and 
mass-dependent widths of these resonances are of 
interest. It is also of interest to search for unex- 
pected (CVC-violating) scalar resonances, or non- 
resonant contributions with well-defined Lorentz 
structure. 

The recently published results from CLEO || 
are based on the CLEO-II sample of 4.3 x 10 6 pro- 
duced tau pairs. Approximately 87,000 events 
consistent with t t — > n^ir ^ were selected. The 
7T7r° mass distribution is shown in Fig. @. 

This mass distribution (with q 2 — w?(-ni:)) is 
modeled in terms of the spectral function: 
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where F n (q 2 ) is the pion charged-current form- 
factor. CVC predicts that this form factor should 
be the same (up to isospin- violating effects) as the 
neutral current form factor for 7 — * n + ir~ , whose 
value at q 2 = is equal to 1. We have allowed 
F ff (0) to float in our fits, although it has been 
argued Q that a better approach is to fix it to its 
predicted value and extrapolate to q 2 > Am^ in 
some smooth and well defined way. 

2.1. Model-dependent fits 

CLEO has used two phenomenological mod- 
els of F^(q 2 ) to fit the observed spectrum. In 
the model of Kuhn and Santamaria (K&S, ||), 
Fn(q 2 ) is a coherent sum of simple Breit-Wigner 
lincshapes: 

F„ (q 2 ) ^BW p + f3 BW P , + 7 BW p n + ■■■, (4) 
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Figure 2. The irir mass distribution, based 
on 87,000 events observed by CLEO. The points 
are data, corrected for efficiency, background, and 
resolution (via an unfold procedure). The solid 
curve is a fit (described in the text) including 
contributions from the p(770), p(1450), p(1700) 
resonances. The dashed curve is a fit with the 
p(770) lineshape only. 



" {M p 2 -q>)-l^T p {q>) 

The g 2 -dependence of the width T p (q 2 ) is calcu- 
lated assuming simple P-wave decay into two pi- 
ons, only. 

The model of Gounaris and Sakurai (G&S, ||) 
is somewhat more complicated, based on assumed 
effective range formula for the P-wave irir scatter- 
ing phase shift. 

In both models, the masses and pole widths 
of the resonances are free (fit) parameters. Since 
there is negligible sensitivity to the pole mass and 
width of the p" , they are fixed to be 1700 MeV 
and 235 MeV, respectively. 

The CLEO results favor the G&S model over 
K&S model. The results of the fits are given in 



Table 1 



Results of the fits to the CLEO r — > ttttv t data 
using the G&S (ref. Q) model. The results are 
compared with analogous results from ALEPH 



ref. [Q) and from e + e 


data (ref. §). 








G&S Model 






CLEO 


ALEPH 


e + e 


M p 


775.1 (1.1) 


776.4 (0.9) 


776 




150.4(1.4) 


150.5(1.6) 


151 




-0.121(10) 


-0.077 (8) 


-0.052 


M p , 


1406(15) 


1400 (16) 


1330 


i> 


455 (41) 


EE 310 


270 




0.032 (9) 


0.001 (9) 


-0.031 


l^(0)| 2 


1.03(2) 


= 1 


= 1 


X 2 /dof 


22.9/23 


54/65 


151/132 



Table [j], in the context of that model, and are 
compared with analogous results from ALEPH 
(using r — > nirv T ) (?]] and a fit to e + e _ — » n + ir~ 
data in Ref. ||. 

These fits yield rather precise values for the 
charged p(770) mass and width (the e + e~ results 
arc for the p°). The mass of the p(1450) is around 
~ 1400 MeV, but this is a very model-dependent 
result, strongly influenced by the presence or ab- 
sence of the p(1700). 

2.2. Test of CVC with li^O? 2 )! 2 

The results of the fit to the CLEO data can be 
compared directly with the e + e~ data, as a test 
of CVC. These comparisons are shown in Figs. || 
and [|. In these figures, \F^(q 2 )\ 2 is extracted di- 
rectly from CLEO r data. The 1 = contribution 
from lo — > 7r + 7r~, including p — u> interference, is 
removed from e + e~ data. 

We see that the r data follow the e + e~ data 
shape very well, but the e + e~ data lie ~ 3% be- 
low r data, throughout the spectrum. This is 
also seen in the fit of CLEO tau data to the G&S 
model, where IF^O)! 2 ~ 1.03, and is consistent 
with the discrepancy between the world average 
II branching fraction 23 (r — > Tmv T ) and the pre- 
diction from CVC with the e + e~ data |9j: 

B(t -> tttt !/) = (25.32 ±0.15)% (6) 
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Figure 3. Comparison of \F 7T (q 2 )\ 2 as determined 
from CLEO r data (filled circles), with that ob- 
tained from e + e~ — > tt + t:~ cross-sections mea- 
sured at VEPP and Adone. 



CVC : (24.52 ±0.33)% (7) 

A - 3.2 ±1.5%. (8) 

If one assumes CVC, the data from tau decays 
on |F T (q 2 )| 2 can be used to improve the predic- 
tion for the contribution of hadronic vacuum po- 
larization to the anomalous magnetic moment of 
the muon, — 2 ]Tc[ |. Such an improvement is 
much needed in order to make use of the precision 
of the BNL E821 (py, — 2) experiment to test for 
electroweak and beyond SM contributions. The 
CLEO results can be used to improve this pre- 
diction, but it has been suggested that allowing 
1^(0)1 to float is not the appropriate way to make 
use of the data [[5J. 

3. T — ► 2>~KV T 

From conservation of G-parity and parity, we 
expect the resonance X in r — * Xv — > Siris to 
have J p = 0" or 1+. The vector (J p = 1" 



Figure 4. Difference between |F,r(g 2 )| 2 as de- 
termined from CLEO r data, with that obtained 
from e + e~ — > 7r + 7r~ cross-section measurements. 



current to (37r)~ is forbidden by Bose symme- 
try (there are two identical pions in the final 
state). The axial- vector 1+ current is expected 
to be dominated by the (broad and thus poorly 
understood) ai(1260) meson (r ai ~ 400 MeV). 
There may also be a pseudoscalar (0 _ ) current, 
e.g., 7r'~ — > (37r)~; but such a current is not con- 
served ( P^Jq- 7^ 0), so the 0~ current is sup- 
pressed by PCAC. 

In the simplest models, e.g. the Kuhn & Santa- 
maria model Q, the a\ decays to pn via S-wave. 
From this, one predicts approximately equal rates 
to 7r~7r + 7r~ and 7r~7r 7r . Kuhn and Wagner fli"|| 
pointed out that the interference between ampli- 
tudes with identical pions permits the measure- 
ment of the sign of the a± helicity, and thus can be 
used to measure the parity-violating sign of the 
t~ — > v T W~ coupling (the tau neutrino helicity 

More sophisticated models, such as the Is- 
gur, Morningstar, Reader jjJI flux-tube-breaking 
model, include D-wave pir, and K*K threshold 
effects; these must be understood and taken into 
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account in order to accurately measure h Ur . They 
distort the mass-dependent width of the a\ in 
measurable ways; these must be understood and 
taken into account in order to determine whether, 
e.g., a radially excited a! x meson is present. Other 
models, such as the Unitarized Quark Model of 
Tornqvist [jl3| , suggests the possibility that scalar 
mesons participate in the subsequent decay of the 
axial vector meson; if observed, this could give 
some insight into the properties of the (broad and 
thus poorly understood) scalar mesons. Contri- 
butions from isoscalar mesons such as the tensor 
f2 and scalar /o would also produce non-trivial re- 
lations between the decay rates to ir~ir + ir~ and 
ir-n°ir a . 

Early work from ARGUS saw significant 
D-wave pir production, and hints of other contri- 
butions. Delphi '97 jl5| saw anomalous substruc- 
ture at high Af 37r — a hint of ^(1700). Fig. | 
illustrates the potential complexity of this decay. 








BW(p) /+BW{f 2 ) (?) 

Vu da^B / +W(/ ) (?) 

G F /V2 \ +e"Q v e tl Pf i 

P-wave(?) 



BW(oi) 
BW(a[) (?) 
BW(n') (?) 



Q = PtT! ~ Pn 2/3 Q=Pm+P, 



'2/3 fT 3 /2 



P = Pttx + Ptt 



Figure 5. Illustration of some of the many pro- 
cesses that can occur in the decay t~ — > 37w r . 



3.1. t — ► Zirv T decay rate 

The decay rate can be described in terms of a 
matrix element squared |A^| 2 given by: 

Lepton Tensor x Hadron Tensor = (9) 

L„ u x J»r v = {S^ + ih VT A^) x J»J* V , (10) 

where S^u is the symmetric part and the 
anti-symmetric part of the lepton tensor, fully 
known in the Standard Model. The tau neutrino 



helicity is given by h„ T = 2g v g a /(\g v \ 2 + \g a \ 2 ) 
which is —1 in the standard V — A model. The 
hadronic current is a priori unknown, but can 
be parameterized in a model-dependent way, or 
in a model-independent way in terms of structure 
functions. 

The Lorentz structure of J M is well-defined: 

+ {Ptt 1 -Ptt 3 ) u F 2 + (p„ 2 -p-k 3 ) v f 3 ] 

+P, i F i (11) 

All the unknowns are in the form factors Ff, 
which are modeled in terms of Breit-Wigner func- 
tions for meson resonances, angular momentum 
factors (S,P,D...-wave), and potentially finite me- 
son radius effects or other effects. 

The overall tau decay rate and s = m 2 (37r) 
spectrum is then given by 



C 2 V 2 

dr(v T 3n) = -f ud [L" v JaJ*]dLips 

- #^ L (i+24)( 1 -4) 

x\BW(s)\ 2 x ^^-ds, 



(12) 



(13) 



where BW(s) might be an overall Breit-Wigner 
line shape for the oi, and r 37r (s) is the mass- 
dependent decay rate to Sir. 

3.2. h Vr from r — * Zirv 

Kiihn and Wagner pointed out in 1984 jll| that 
the parity-violating signed tau neutrino helicity 
Ii Vt can be measured using the decay r — > Zixv, 
owing to its presence in Eqn. E3, This requires an 
asymmetric part of the hadron tensor J^J* U . At 
least three pseudoscalars in final state are needed, 
and an interference term between two amplitudes 
is needed. 

There are two identical pions in this decay; 
thus, the p can be formed in two ways: 



t —* a 1 v T 



or a 1 u T 



(14) 



The imaginary part of the interference term 
between these two amplitudes Ss{BW{p\) ■ 



G 



BW{p2)*) is a parity-odd observable that resolves 
the left- and right-handed part of the transverse 
polarization of the a\ : 



a i 



Ol 



left handed v T right handed u T 

A measurement of this parity-odd term in the 
decay rate permits a measurement of \i Vt , so long 
as the parity-even (dominant) part of the decay 
rate is well and truly modeled. 



3.3. CLEO results on r — >• 3ttv t 

CLEO has recently published two papers on 
our analysis of the r~ — > is T Tr~ir°ir decay. This 
decay is favored over the all-charged i/ T ir~ir + ir~ 
decay despite lower statistics, because of less 
background (from Ktttt, KKir, 4-7T, and hadronic 
events), and because isoscalar decays such as 
f% — * tttt have one entry per event in a\ — > 
7r~/2 — > 7r~7r°7r° but two in 7r~7r + 7r~. 

In both papers, the full CLEO II sample of sa 
4.3 x 10 6 t + t~ pairs was used, resulting in 30800 
t t — ► n^TT°n°v events (all tags), and 14600 r T — * 
Tr^TT ^ ^ lepton tagged events. The background 
is w 10%, mostly t — * Anv and fake 7r°'s. 

The first paper jl(| describes a model depen- 
dent analysis, in which the Dalitz plot distri- 
bution (si = m 2 (ir~ir®) vs s 2 = Tn {ir -1 !^)) 
is fitted, in bins of s = m 2 (7r _ 7ri7r2), for con- 
tributions from different intermediate resonances 
and angular momenta. All measurable observ- 
ables of production are also included in these fits. 
This results in a measured total width r 37r (s) = 
J J l _ l J* ,J -dsids2- There is clear evidence for con- 
tributions from isoscalar intermediate resonances: 
<77r, /o7r, /27r. There is also clear evidence of K*K 
threshold turn-on in the T3 W (s) mass dependence. 
In a second step, the overall lineshape BW(s) 
is determined by measuring the invariant mass 
distribution of the three pions. In this paper, a 
measurement of the parity-violating signed neu- 
trino helicity K Vt , and model-dependent limits on 
scalar and vector 37T currents, are presented. 

The second paper |17| describes a model in- 
dependent analysis, in which the squared matrix 




Figure 6. Kinematical variables characterizing 
the 37r system in r — * 3iri/ T decay: The Dalitz 
plot variables, and two angles that are measurable 
in the decay which are sensitive to its Lorentz 
structure. 



of 16 independent terms [116 



\M\ 2 = L^x J»J*» = 



16 

E 

X=l 



LxW x , 



(15) 



element \M.\ is parameterized in terms of a sum 



where the Lx are 16 well-defined functions of 
decay observables, designed to select contribu- 
tions to the overall hadronic current with differ- 
ent Lorentz structure (axial- vector, vector, scalar, 
etc.), and the Wx are 16 structure functions, 
functions of s, s±, and s 2 , that parameterize 
the hadronic dynamics. In this paper, model- 
independent limits on scalar and vector 3ir cur- 
rents are presented. 

3.4. Model dependent analysis 

In this analysis, the substructure in the 
hadronic current is determined in the context 
of a model, via a Likelihood fit to the Dalitz plot 
in full kinematical space, in bins of 7713^. The 
variables used are s = m 2 (37r), si = m 2 (ir~ ir®) , 
s 2 = m 2 (7r~7T2); and the angular observables a, 
ip defined in Fig. ^. 

The amplitudes used in the fit to the 37T sub- 
structure which were found to be significant were: 

• Ji'. s-wave 1 + — * pit 

L — > p'TT 

• J^: d-wave 1 + — > pir 

• J4 1 : d-wave 1 + — > p'n 

• Jg: p-wave 1+ -> / 2 (1275)tt 
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Table 2 

Contributions to the total t~ - 
rate, and their significance. 

Significance 



p s-wave 
p(1370) s-wave 
p d-wave 
p(1370) d-wave 
/2(1275) p-wave 
a p-wave 
/o(1186) p-wave 



7r 7r°7r°^ T decay 

B fraction(%) 

1.4cr 0.30 ±0.64 ±0.17 

5.0(7 0.36 ±0.17 ±0.06 

3.1cr 0.43 ±0.28 ±0.06 

4.2a 0.14 ±0.06 ±0.02 

8.2cr 16.18 ± 3.85 ± 1.28 

5.4ct 4.29 ±2.29 ±0.73 



J 1 ' 



p-wave 1 + 
denoted as an 



/ (400 - 1200)tt, 



• J7 : p-wave amplitude of 1 + — > /o(1370)7r 

The mass and width of the / (1370) and 
/o(400 — 1200) (a) were fixed according to 
Tornqvist's Unitarized Quark Model pq ]: 

"Votmo) = 1-186 GeV/c 2 ; 
r /o( i370) = 0.350 GeV; 
m a = 0.860 GeV/c 2 ; 
r CT = 0.880 GeV . 

The total current was parameterized as a co- 
herent sum of these contributions: 



J" 



i=7 

>< Ji >< F h 

i=l 



(16) 



where the Pi are (complex) fit parameters, and 
the Fi are form factors to take into account the fi- 
nite size of the mesons involved: Ft = e~°- 5R Vi . 
In the nominal fit, R was fixed at (so that 
Fi = 1); in other fits, R was allowed to vary. 

The results of these fits are illustrated in Fig. |7] 
and [|. Good fits (< 3cr) are obtained in all 
bins. There is clear evidence in the S3 projections 
at high s for the isoscalar /2(1275). The fit results 
for the various contributions to the total t" — > 
7r~7r°7r ( V r decay rate are given in Table || 

We note that the pn s-wave with B ~ 70% is 
dominant, as expected. With the exception of p'n 
s-wave, all amplitudes are significant; the K&S 
model is too simple. Isoscalars contribute to the 
3tt hadronic current with B « 20%; especially the 
a cannot be neglected. Curiously the p' shows up 
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Figure 7. Results of the fit to the 3n substruc- 
ture in — > Tt^Ti\'K\v r decays. Shown are pro- 
jections of the data and the fit in S3 = m^o. 
In each plot, the points with error bars are the 
data, and the histograms are the results of the 
fit. The plots are for different values of m^: (a) 
0.6 - 0.9 GeV; (b) 0.9 - 1.0; (c) 1.0 - 1.1; (d) 
1.1-1.2; (e) 1.2-1.3; (f) 1.3-1.4; (g) 1.4-1.5; 
(h) 1.5-1.8. 



more strongly in d-wave than in s-wave. Finally, 
the couplings to each of the Ji sub-currents are 
consistent with being constant as a function of 
m 37r , suggesting that only one resonance (the a{) 
is responsible for all this substructure. 

There is no evidence for scalar 37r currents, 
and the following model-dependent upper limits 
at 90% CL are derived: 

B(t -> tt'v -> pnv -> 3rn/) < 1.0 x 10" 4 (17) 
B(t -> ttV -> guv -> 3rn/) < 1.9 x 10 -4 (18) 



-1.02 ±0.13 ±0.03 (SM = -1) 



(19) 



These fit results can be converted to a model 
for the all charged mode, t t — > tt t tt t tt :Iz l'. The 
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Figure 8. Results of the fit to the Sir substruc- 
ture in r T — > tt^tt^tt^t decays. Shown are pro- 
jections of the data and the fit in si = m 2 _ , „ 

and S2 — rn^_, (two entries per event). In each 
plot, the points with error bars are the data, filled 
histograms are background contributions, and the 
clear histograms are the results of the fit. The 
plots are for different values of m^, as in Fig. [?]. 



conversion is non-trivial, due to the presence of 
isoscalars with different isospin structure: 

1 



|0,0) = - 7 =|1,+1)|I,-I) 

-^|i,-i)|i,+i)--L|i,o>|i,o>. 



(20) 



Although this fit procedure was not applied to 
the w 80000 t t — > 7T =F 7r T 7r ± ^ events selected 
from the CLEO data set, qualitative agreement 
with the Dalitz plot distributions is excellent. 
In addition, the total decay rate predicted for 
— > 7r^7r = ' = 7r = ' = v is in excellent agreement with 
the world average measured values 

To model the full three pion mass spectrum, 
we form a coherent superposition of contributions 



from the a\ and a radially excited a[: 

B{s) = B ai (s) + K • B a[ (s) 
1 

s - m 2 ai (s) + im 0ai Ttot( s ) 



a\ 



(21) 



(22) 



The total width r tot (s) must be modeled care- 
fully. We integrate the fit results for J p over the 
Dalitz plot in bins of m(37r), and include contri- 
butions to the total width from K*K — > KKtt 
and / (980)tt -► KKtt: 

r t0 i(s) = r 27r07r -(s) + r 27r - 7r +(s) 
+t k , k (s) + r /o(980)7r (s) 



fo (980)7 

If the total width runs (is a function of s) 
the mass m 2 (s) can run as well: 

1 f 00 m T tot (s/) 



(s - s/) 



-dsl 



(23) 
then 

(24) 



Thus we perform \ 2 fits to the total m(37r) 
spectrum with and without et^; with KKtt con- 
tributions to T to t or not; with running mass or 
constant mass; and with or without finite meson 
radii. 

We obtain good fits with either constant or 
running mass, with and without /o(980)7r, and 
for meson radii anywhere in the range < R < 
2 GeV -1 . The K*K threshold is needed for good 
fit. The best fits are obtained for R in the range 
1.2 < R < 1.4 GeV -1 . Our nominal fit is chosen 
as the one with constant a\ mass, K*K thresh- 
old included, no / (980)/T threshold, and R = 0. 
The fit results are shown in Fig. |[ We obtain 
m ai = 1.331 ± 0.010 ± 0.003, r ai = 0.814 ± 
0.036±0.013, B{a x -> K*K) = (3.3±0.5±0.1)%, 
with a x 2 — 39.3/41 dof. Here, again, we ob- 
serve consistent results with the all-charged mode 

T~ — > 7T~ /T + 7T~ V T . 

It is important to note that the parameters of 
the a\ resulting from this fit have a large model 
dependence, which is not included in the system- 
atic errors. These parameters will change if ad- 
ditional, higher-mass contributions are added to 
the fit. 

There appears to be a small excess of data 
at high s, suggesting the presence of an a[ 
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m„ [ GeV/c ! ] s [ GevV] 



Table 3 



Composition of the structure functions in terms 
of the spin and parity J p of the hadronic current. 





J = 


JP = 1 + JP = 1 - 




h° 


h 1 , h 2 h 3 


J = 


W SA 




h*° 






J p = l+ 


W S B, W S c 


w A 




W SD , W SE 


W c , W D , W e 


J p = l- 


W S F, W S G 


W f , W g W b 


h* 3 




W h , Wi 



Figure 9. (a) Nominal fit to the m(37r) spectrum 
with no a'i . Points with errors are the data; solid 
line is the fit result. Note the kink around = 
1.4 GeV due to the turn-on of the K*K threshold 
in the total width, (b) Calculated contributions 
to the total width r 37r (s). 



and/or more thresholds in the total width. We 
have therefore performed a fit including the a[, 
as in Eqn. We are not sensitive to the 

mass or width of the a[, and thus fix them to 
be Tn a > = 1700 MeV, T a > = 300 MeV. The 
fit results are shown in Fig. |10|. We obtain 
\k\ = 0.053 ± 0.019 (stat.) with phase <p K consis- 
tent with zero, and x 2 = 28.9/39 dof. The im- 
provement of fit yields a significance of 2.9a for 
the a[, and#(r -> a\v) = (1.6±1.1±0.3±0.7) x 
10 -4 . More statistics needed to conclusively state 
if the a[ participates or not in t — > Snv decay. 




m 3l [ GeV/c 2 l s [ GevV] 



Figure 10. Fit to the m(3n) spectrum including 
the a[. See caption to Fig. 0. 



3.5. t — > iitv T Structure functions 

CLEO has analyzed its 14600 t=f -> tt^^-k^v 
lepton tagged events in terms of the structure 
functions defined in Ref. fl8|] . The decay rate is 
written as: 

16 

dT J2Lx(a,j3,~ f )Wx(s,s 1 ,s 2 )dPhs (25) 

x 

with X e {A, B, . . . , I, SA, SB,..., SG}. (26) 

The 16 structure functions Wx that contain all 
the information on the hadronic structure depend 
on s, si, and S2 only. We can measure these struc- 
ture functions independent of any model. They 
can be interpreted by comparing them with pre- 
dictions from a model for J M , such as the one 
resulting from the fit described above. 

In the 37r rest frame, with z-axis perpendicular 
to the 37r decay frame, the hadronic current 
has a time-like component h° from pseudoscalar 
currents (such as the n'), a component along the 
z axis, h 3 , from vector currents (such as p' — > pir 
via the Wess-Zumino anomaly), and transverse 
components h 1 and h 2 from the dominant axial- 
vector current (such as the a\). The leptonic 
tensor components Lx are defined so as to de- 
compose the hadronic current into contributions 
from the different J p -states (scalar, vector, ax- 
ial) according to Table [| The measurement of 
the structure functions Wsa and Wb allows us 
to determine the non-axial vector contributions 
model independently. More directly, we can look 
for non-zero contributions to the real or imagi- 
nary parts of h or h 3 in bins of s, si, and S2- 
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The structure functions Wa(s), Wc(s), Wd(s), 
and We(s) remain non-zero when one integrates 
over the Dalitz plot variables si and S2- Their 
measured distribution is shown in Fig. [ll]. The 
data are compared with the K&S model and with 
the results of the CLEO fit to the more elaborate 
model described above. 



3100699-016 
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0.5 1.0 1.5 2.0 2.5 



Q 2 (GeV7c 4 ) 




Figure 12. The real and imaginary parts of 
the 37r hadron current induced by axial vector 
current, as measured by CLEO. Dashed line is 
the prediction from the K&S model, and the 
solid line is the prediction from the CLEO model- 
dependent fit. 



Figure 11. The structure functions Wa(s), 
Wc{s), Wd(s), and We{s) integrated over si 
and S2, as measured by CLEO. The dashed line 
is the prediction from the K&S model, and the 
solid line is the prediction from the CLEO model- 
dependent fit. 



The components of the hadronic current as 
described above can be measured in the full s, s\, 
and S2 space. Choosing a set of bins in this 3D 



IL we obtain the re- 
3. The axial-vector 



space as described in Rcf. [ 
suits shown in Figs. [l2] anc 
induced components of the hadronic current are 
well described by the CLEO model-dependent fit, 
while the non- axial- vector components are consis- 
tent with zero everywhere. From this, we extract 
a model-independent limits on scalar and vector 
contributions to the r~ — > 37w r decay, at 95% 
CL: 



Sv 



Vv 



{3tt) t v) < 9.4%(27) 
• (3tt)^) < 7.3%(28) 



From the measured hadronic current, all six- 
teen structure functions in the t~ — * 3irv T decay 
have been determined, for the first time. 

3.6. Summary on r — > 37w r 

The high statistics CLEO analyses of r — > 2>-nv T 
are permitting detailed studies of the hadronic 
substructure, precision measurements of signed 
v T hclicity, and have revealed significant contri- 
butions to the 37r system other than a\ — > pn. 
The model-dependent fits to full kinematical dis- 
tribution reveal significant signals for isoscalars 
(/o, /2, and a), clear evidence for K*K threshold, 
weak evidence for a\, and limits on the PCAC- 
violating ir' . The model- independent structure 
function analyses give limits on non axial vector 
contributions, and clean tests of the models. Still, 
there are many open questions: Can we learn 
more about the a\ lineshape: running/constant 
mass, thresholds, etc.7 Is there an a^? How 
does it decay? Are there other components to the 
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Figure 13. The real and imaginary parts of the 
3ir hadron current induced by the scalar (h°) and 
vector (ft 3 ) currents, as measured by CLEO. 



substructure? A detailed analysis of the higher- 
statistics all-charged t~ — > 7r _ 7r + 7r _ z/ T mode may 
shed more light on these questions. 



4irv T decay to proceed via 
current, dominated by the 



4. r — > (4"7r) v t 

We expect the r - 
the vector (J p = 1~ 
p meson and its radial excitations p', p" , etc.. 
Axial vector currents are "second-class" (isospin 
violating); an example is t — ► &i^ r , &i — ► wk. 
Given the large phase space for the 4-7T system, 
even the simplest models are already complicated! 

CLEO has analyzed these decays with the 
goals of extracting the parameters (mass and pole 
width) of the p'; searching for second class (ax- 
ial) currents; exploring the resonant decompo- 
sition of 4-7T system (ujtt, rjn, ain); and test- 
ing CVC by comparing the cross sections for 
e + e~ — * 2ir + 2ir~, ir + ir~2ir° at low energy to 

T~ — ► b> T 2TT~ 7r + ir° , 7T - 37r°. 



A good model of the 4tt spectral function is 
needed in order to reliably extract a limit on the 
tau neutrino mass from the 4-7T kinematical dis- 
tributions. CLEO Jl9| set the limit m VT < 28 
MeV/c 2 , 95% CL; the 4 MeV model-dependence 
dominates the systematic error in that measure- 
ment. 

The decay r — > ojtvi/ first measured by ARGUS 
@ and CLEO ||| in 1987. The pirir branching 
fractions were measured by ARGUS |2^] in 1991, 
and ALEPH in 1997 |||. The mass and width of 
p' were extracted from t — > ixifiv by ALEPH in 
1997 § and CLEO in 1999 @. 

4.1. t — 4tw t from CLEO 

The CLEO analysis || uses the CLEO-II data 
set of N TT ~ 4.3 x 10 6 produced tau pairs, and 
selects ~ 24, 000 events consistent with r T — > 
Tr^TT^TT^Tr ^. The m(47r) mass spectrum is 
shown in Fig. [IJ. After subtracting estimated 
backgrounds dominated by Kixixixv^ KKttttv, 
Ksiriri>, we extract the branching fraction 



2>TTTT°V T ) 



(4.19 ±0.10 ±0.21)%. (29) 



4.2. ion Spectral Function 

We construct the spectral function V 37rn (q), 
q = m(3irir°) by correcting for background, effi- 
ciency, and the production dynamics: 

T/37T7r /„N _ 1 dN{q) 1 

V \H) - N dq q(M?-q*)*(M?+2q*) 

v B(r^3x7rV) Ml V 6 ") 



B(r^ei7 e u T ) 12irV^ d ' 

Focusing on — > ljtt^v t , we extract the u) sig- 
nal in bins of q = Af(37T7r°), and form the V 0JW (q) 
spectral function, and the remainder: 



V 



non—u)-K 



(?) 



(q)-V™(q). 



(31) 



These are shown in Fig. [15|. 

We fit the uott spectral function using a coherent 
sum of combinations of Breit-Wigner lineshapes 
with mass dependent widths, for p(770), p', and 
p"(1700). We take the parameters of the p and 
p" as known: 



M p = 770 MeV/c 2 
M p „ = 1700 MeV/c 2 



151 MeV/c 2 ; (32) 
= 235 MeV/c 2 .(33) 



The results of these fits are shown in Fig. [l6|. 
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Figure 14. The m(47r) mass spectrum in 
t t — > 7r T 7T ± 7r T 7r°^ r as measured by CLEO, be- 
fore background subtraction. 



Good fits are obtained only when both the 
p(770) and p(1450) are included. Results with 
the /a" (1700) included or not included give con- 
sistent results for the p' parameters: 

M p , = (1.523 ± 0.010) GeV/c 2 (34) 

T p , = (0.400 ± 0.035) GeV/c 2 . (35) 

Recall from the 27r channel, we had M p , ~ 
1400 MeV. The PDG values: are 

M p , = (1.465 ± 0.025) GeV/c 2 , (36) 

T p , = (0.310 ± 0.060) GeV/c 2 , (37) 

dominated by proton experiments on fixed target, 
e + e~ — > 7r + 7r _ and e + e~ — > ?/7r + 7r _ , as well as 
from earlier r — > 7T7r°t/ results. The origin of these 
differences is unresolved. 

4.3. Second Class Currents in r — * ojttv 

There are two axial- vector (J p = 1 + ) states: 
The ai(1260) in the 3 P 1 octet, with J PG = 
couples to the W as a "first-class" current; the 



Figure 15. The spectral functions in bins 
of q = M(3mr°) as measured by CLEO: the 
total V 3 ™\q) (open diamonds), V"*(q) (filled 
squares), and V"™""" (q) (open circles). 



6i(1235) in the 1 P 1 octet, with J PG = 1++, 
doesn't couple to the W ("second-class" current) 
except via isospin (G-parity) violation (the weak 
decay constant ft 1 « 0). 

The a\ decays to pit via S-wave, thence to 3n. 
The p' decays to unr via P-wave, thence to 4tt. 
The b\ decays to W7r via S-wavc, thence to 47r. 
The difference in G-parity for the states which 
decay to An is reflected in the different expected 
polarization of the oj meson, and thus in the angu- 
lar distribution of the angle between the normal 
to the u> decay plane and the direction of the 4th 
pion ( "helicity angle" ) cos x — n± ■ p- !Ti . The dif- 
ferent expected angular distributions are given in 
Table § 

The fit to the cos x distribution for the CLEO 
t — * ioixv T data (corrected for background and ef- 
ficiency) is shown in Fig. [l7| There is no evidence 
for non- vector current contributions, and CLEO 
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Figure 16. Fits to the V uv (q) spectral function 
measured by CLEO in r — > lo7tu t . 

sets the limit 

jV w *(non-vec)/JV™ (vector) < 6.4% (38) 

at 95% CL, to be compared with ALEPH's limit 
HH of < 8.6%. 

4.4. r — * Z-kt^v resonant structure 

We perform an unbinned maximum likelihood 
fit in the full kinematical space of the r — > Ztt^v 
decay, to extract a model-dependent description 
of its resonant structure. We use the structure 
function approach to describe the production of 

Table 4 

Expected distributions of the w helicity angle \ 

in t — ► LWKV T . 





L 


F(cosx) 




1 


1 - cos 2 x 


1+ 





1 


1+ 


2 


1 + 3 cos 2 x 


rr 


1 


cos 2 x 



Figure 17. Fit to the cosx distribution for the 
CLEO r — > Loitv T data. Black squares are the 
data, lines are the predictions for the different 
J p contributions. 



the 4-7T system from tau decay, averaging over the 
unseen neutrino: 

\M\ 2 = ^V 2 d L^J,J^ (39) 

16 

f s = L^J^J* = 2(M 2 -q 2 )J2 T Wi ■ (40) 

i=l 

The hadronic current J M is modeled in terms of 
resonances: 

J» = a u f^F u {q) + £> fc /£F fc (g), (41) 
fc 

F k (q) = 0l+(i k BW p {q) + 

l3' k BW pl {q)+0iBW p n{q), (42) 

where k runs over substructure components of the 
model (see below). The a's and /?'s are fit param- 
eters. The background PDF is modeled using an 
empirical form derived from the CLEO data. 
Four models were tried: 
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• Model 1: u>ir, pirir and non-resonant 3irir°; 

• Model 2: urn and a\H] 

• Model 3: ton, a%Tr, op and fo(98Q)p; 

• Model 4: urn, a\n and /07T7r. 

The projections of the data, and the results of the 
fit to Model 2, are shown in Fig. [l8| There is clear 
evidence for contributions from c<j7r~, p°7r _ 7r°, 
p~7r + 7r~, and p + 7r~7r~. The CLEO data prefer 
models containing at least W7r and ai7r, in good 
agreement with results from the CMD-2 analysis 



251 of e+e 



4-7T. The data do not rule out 



small contributions from modes like op, fop, or 
non-resonant pirir. 



3000 




M (GeV / c^) 



Figure 18. Mass and sub-mass distributions in 
t — * 37T7r ^ decays as measured by CLEO (data 
points). The histograms are the results of a fit 
in the full kinematical space of this decay, using 
Model 2 as described in the text. 



4.5. Test of CVC in 4tt 

As a test of CVC, we can compare the 4w and 
ujtt spectral functions measured in r — * Atti> t 



charged current decays with the analogous ones 
measured (by CMD-2 P5| ) in e + e~ annihilation 
via the neutral EM current: 



V 



37T7T 



2°'e+e-^27r+27r- (<?) 



47T 2 a 2 
+ Cr e +e--»7r+7r-27ro(9)] 



^(g) 



g 



4^ 2 a 2 " CTe+e ~- ^ 
This is done in Fig. [1 
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Figure 19. Comparison of the 4-7T and ujtt spectral 
functions measured (by CLEO) in r — > 47w T de- 
cays with the analogous ones measured (by CMD- 



2 |2jJ) in 



annihilation. 



The CMD-2 data, which include a 15% sys- 
tematic error on the overall normalization, show 
clear dominance of a\ir and lott in e + e~ — » 47r. 
We see that the shapes agree well between r and 
e + e _ data. However, the normalization of the 
4-7T (non-ciJ7r) spectral functions do not agree with 
one another. This is also seen in the total branch- 
ing fraction for r — * Zuifiv predicted || from the 
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(pre-CMD-2) e+e" data using CVC: 

B(t -> 3wk°p) = (4.22 ±0.10)% (45) 
Cya(eafd. CMD - 2) : (4.06 ± 0.25)%. (46) 

This disagreement might be due to normalization 
errors, other experimental errors, or a real viola- 
tion of CVC. 

5. 5-7T, 6-7T, 7ir 

The decays of the t to 5wv, Giris, and > 7irv all 
have small branching fractions: 

£(27r-7r+27rV) = (5.3 ± 0.4) x 10~ 3 (47) 

B(3ir-2Tr + is T ) = (7.8 ±0.6) x 10~ 4 (48) 

S(27r-7r+37rV r ) = (2.9 ± 0.8) x 10~ 4 (49) 

£(37r-27r+7rV) = (2.2 ± 0.5) x 10~ 4 (50) 

6(37r"27r+27r°^ r ) < 1.1 x 10~ 4 (51) 

<2.4xl0~ 6 . (52) 



S(77r ± (7r )^ T ) 



The limits on > 7irv come from CLEO p6[ . 
CLEO has no new results on bn modes, but there 
are new results from CLEO |27j on 27r~7r + 37r° 
and 37r"27r + 27r . 

The decays — + (6w)~v T have three modes: 

• r~ — > 37r~27r + 7r ( V r 

• t~ — > 27r _ Tr + 37r i/ r 

• r~ — > ir~5ir°i> T 

The mode t~ — ► 7r _ 57r°i/ T has low efficiency and 
large combinatoric background; CLEO has no sig- 
nal or results on this mode. 

These decays all have very complex sub- 
structure. We expect significant resonant sub- 
structure (p's, ui's, 77's). We expect the (67r)~ 
system to be dominantly produced via the vec- 
tor current, although there can be axial vector 
current contributions from (37r) — 77, r\ — > 37r. 

From data on the 1 = 1 component of e + e _ — ► 
6tt, CVC predicts pi 



«r(«f) 



r cr/ = i(e H 



6tt) 



B{j- -> (67r) _ i/ r ) > (1.23 ±0.19) x 10" 



(53) 



(54) 



5.1. Isospin in t~ — > (67r)~j/ T 

As a first step in describing the resonant sub- 
structure in 67r states, we can classify them by 
their isospin content, with "partitions" (triplets 
of numbers 771,772,713): 

773 = number of 37r isoscalar systems (u) , 

U2—n3 = number of 2n isovector systems (p), 

771—772 = number of tt isovector systems. 

For example, (3, 2, 1) = (7rpcj). The contributions 
of each partition to final states are given by: 
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r(7T-57r°) 
L(27r-7r+37r°) 

r(37r-27r+7r°) 



35 r(4.p) 
2 1 

T(4tt P ) + -r(37rw) 



(55) 



7 



1 



±-T(3p) + -r(n P Lu) (56) 
5 2 

16 4 
-r(47rp) + -r(3™ 
35 5 



1 



1 



+-r(3/>) + -r(7rpw). (57) 
5 2 

Isospin conservation constrains the partial 
rates 

f(2n-TT + 3TT°) = r(27r"7r+37r°)/r(67r) (58) 
f(3n-2n + 7r°) = r(37r-27r+7r°)/r(67r) (59) 
/(7T-57T ) = 1 - /(27T-7r + 37r°) 

-/(37r-27r+7r°) (60) 

to lie inside the space illustrated in 
Fig. |2(| CLEO can measure only the ratio 
/(27r-7r + 37r°)//(37r-27r + 7r ). 

Axial vector currents can produce 6ir final 
states, due primarily (one assumes) to interme- 
diate states (37r)~?7, r\ — ► 37r. Two mechanisms 
have been proposed to predict the rate for these 
decays. A G-parity violating term, suppressed by 
(777^ — m d)/( m u + m d) yields the prediction 29 

6(7r"27rVr) - B{2tt-tt + t]v t ) ~ 1.2 x 10~ 6 . (61) 

An anomalous Wess-Zumino term without (m^ — 
777^) suppression yields the predictions 1 30 1 



Bifxn-vr) = 2.9 x 10~ 4 (62) 
B(n-p°r]v T -> 2n-n + r]i' T ) = 2.9 x 10~ 4 (63) 
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Figure 20. Isospin-allowed region in the space of 
67r partial rate fractions, as described in the text. 
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5.2. CLEO results for r — > 67Ti/ T 

Using the full CLEO II and CLEO II.V data 
set, corresponding to 12.3 x 10 6 produced t + t~ 
pairs, we reconstruct (139 ± 12) events in the 
mode t~ — * 27r~7r + 3'7r ( V T , with a background of 
36% from other tau decays and from hadronic 
events. The 6ir mass spectrum is shown in 
Fig. |l]. We measure |27| a branching fraction 

i3(27r-7r + 37rV) = (2.2 ± 0.3 ± 0.4) x 10~ 4 . (64) 

We reconstruct (231 ± 19) events in the mode 
t~ — > 3ir~2Tr + ir°v T , with a background of 20% 
from other tau decays and from hadronic events. 
The 6ir mass spectrum is shown in Fig. |2^. We 
measure p?| a branching fraction 

i3(37r"27r + 7r°^ r ) = (1.7 ± 0.2 ± 0.2) x 10~ 4 . (65) 

These results compare well with previous results 
from CLEO ||^|, ALEPH f|, and OPAL |||, 
but with smaller errors. 

5.3. Resonant substructure in t — > 67rv T 
Clear signals are seen, and branching fractions 

measured, for the following decay chains: 

• t~ — * 7r _ 27r°a;z/ T , w — ► 7r + 7r~7r° 
6(7r"27r°w^ r ) = (1.5 ± 0.4 ± 0.3) x 10" 4 (66) 



Figure 21. The m(67r) spectrum from t~ — » 
2ir~ir + 3ir°i' T as measured by CLEO. The points 
are data. The hatched histogram is an estimate of 
the hadronic background. The dotted histogram 
is background from tau decays, and the solid his- 
togram is the prediction for the signal plus back- 
grounds. 



• T — * 2-7T ■K + 7]V Tl T\ — ► 37T 

B{2it- "tt 4 r]U T ) = (2.9 ± 0.7 ± 0.5) x 10 -4 (67) 

• r _ — > 7r~27r ?7J/ T , r) — > 7r + 7r~7r° 
B(7r-27r°?7J/ r ) = (1.5 ± 0.6 ± 0.3) x 10~ 4 (68) 

• T~ — > 27T _ 7r + ti;^ T , til — > 7T + 7T _ 7T 

S(27r"7r+cj^ T ) = (1.2 ± 0.2 ± 0.1) x 10~ 4 (69) 

• T~ — > 27T~7T + ?7JA r , ?7 — > 7r + 7T~7r 

B{2-K--K + r)v T ) = (1.9 ± 0.4 ± 0.3) x 10" 4 . (70) 

Some representative sub-mass distributions are 
shown in Fig. This constitutes the first ob- 
servation of r~ — > 27r~7r + luis t , and the first ob- 
servations of t~ — * "i-Kr]v r in the rj — > 37r decay 
modes. 
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Figure 22. The m(6n) spectrum from t~ — * 
37r _ 27r + 7r°i/ r as measured by CLEO. The points 
are data. The hatched histogram is an estimate of 
the hadronic background. The dotted histogram 
is background from tau decays, and the solid his- 
togram is the prediction for the signal plus back- 
grounds. 



5.4. Separating vector and axial-vector 
contributions 

We can combine these (37r) — 77 — » (67r)~ results 
with measurements using rj — > 77 |35[ ], to get: 

B av (2ir-T: + r 1 iy T ) = (2.4 ± 0.5) x 1CT 4 , (71) 
^(tT^ttVt) = (1.5 ± 0.5) x 10~ 4 . (72) 

The (37r) — 77 system has a rich substructure, only 
beginning to be explored; for example, it can arise 
through the decay chain |35| /i7T, fi — ► ao7r, ao — > 
i]ir. 

We can then subtract these contributions from 
the total r — > 6iri> T decay rate; what's left is pre- 
sumed to be from the vector current only: 

By (27T-7T+ 3tt° v r ) = (1.1 ± 0.4) x 10~ 4 , (73) 
By(37r-27T+7rV) = (1.1 ± 0.2) x 10~ 4 . (74) 
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Figure 23. Some sub-mass distributions in 
r — > Qttv t . Left: m(7T + 7r _ 7r°) in 7T~27r°CLiiv 7 ., 
to — > 7T + 7r _ 7r° (6 entries/event). Right: m(37r°) 
in 27r _ 7r + rii/ T , 77 — > 37r° (1 entry/event). 



The vector to 671 decay rate By is consis- 
tent with being saturated by contributions from 

From the ratio of these branching fractions, we 
can constrain the region of the isospin plane, as 
shown in Fig. Because the rate for (67r)~ — > 
7r _ 57T° is unknown, we cannot test whether the 
result lies within the isospin-allowed region. 

5.5. CVC predictions for r — > (6ir) ~v T 

The CLEO results on the vector part of the 

T 



Qnv T branching fractions, equations 73 and 



Y% can be compared with the predictions from 
e+e- -> 6tt using CVC @: 



Sy(27r-7r + 37rV) 
6y(37r-27r+7r° ( v r ) 
iBv((67r)-i/ r ) 



> 
> 
> 



(2.5 ±0.4) x 10~ 4 (75) 
(2.5 ±0.4) x 10~ 4 (76) 
(12.3 ± 1.9) x 10~ 4 (77) 



The CVC predictions are significantly higher 
than the CLEO results. This may be due to 
an underestimate of the 1 = contributions to 

a(e + e 



6. 



-> 6tt). 
v T r\{rvK) 



The decay r — > 777T v r is forbidden by G- 
parity; the upper limit at 95% CL on this decay 
rate from CLEO [fsl is 



B{ryK-u T ) < 1.4 x 10" 



(78) 



The decay r — s- 7777 7r°iv r proceeds via the 
Wess-Zumino chiral anomaly; the branching frac- 
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In the — > K~ir°r]v T mode, 12 events were ob- 
served, with an expected background of 1 event, 
yielding a product branching fraction: 

B(r~ -> K*-rjv T ) x B(K*- -> R-jt") = 

(0.69 ± 0.36 ± 0.28) x 10" 4 . (82) 

Combining the two modes, we obtain 

B(K*- Wt ) = (2.90 ± 0.80 ± 0.42) x 10" 4 , (83) 

and the mass spectrum shown in Fig. ^5| This 
is the first observation of this decay mode, and 
it is reasonable agreement with the prediction of 
- 1 x 10~ 4 from Ref. @. 



Figure 24. Constraint from CLEO data on the 
allowed region in the space of dm partial rate frac- 
tions; see Fig. EG. 



3250798-002 



tion measured by CLEO |3(| 
Bi^-^vr) = (1.7 ±0.3) x 10~ 3 , 



(79) 



is in good agreement with predictions. However, 
the Wess-Zumino Lorentz structure has not been 
definitively established for this decay. 

CLEO sees t~ — > r/(37r)~^ T in two modes using 
r\ — > 77 jj5|, as well as in the 67r modes reported 
above. There is rich substructure in these modes, 
only beginning to be explored. For example, there 
is evidence of j\ production j35|: /i7T, fx — > clott, 

a T]TT. 

The SU(3)f- violating decay r~ — > -qK~v T has 
been seen by CLEO J37I] at the rate 



B(r]K-v T ) = (2.6 ±0.5) x 10" 



(80) 



6.1. r — > if* 77 ty 

The decays r~ — > K*~rjv T were searched for in 
the CLEO II sample of » 4.3 x 10 6 r+r" pairs 
]38|] . In the t~ — > K s n~r)ii T mode, 13 events 
were observed, with an expected background of 1 
event, yielding a product branching fraction: 



B{r~ -> K*-r/u T ) x -> K s 7c~ ) = 

(1.18 ±0.38 ±0.12) x 10~ 4 . 




M(K 7r _ )(GeV/c ) 



Figure 25. The M(-Ks"7T F ) spectrum from 
t t — > Ks^Wt events observed by CLEO, show- 
ing evidence for K* T — > ifs7r T . The points are 
the data, dashed histogram is the expected back- 
ground, and solid histogram is the expected signal 
plus background. 



(81) 
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7. Summary and conclusions 

We have presented recent results on the struc- 
ture of the hadronic systems in r — > 2irv T , 37w t , 
4ttiV) 67w t , and modes containing r\ mesons. 
There are also new results from CLEO on r — ► 
Khii{iP)v r || and r -> X-tt+tt-^ Q, which 
we have no room to report on here. 

There are several apparent 'discrepancies' be- 
tween r and e + e~ data. This may be due to nor- 
malization problems, other experimental errors, 
or a real violation of CVC, which is expected at 
some level. We need a better understanding of the 
applicability of CVC, to resolve these discrepan- 
cies. 

The rich structure in multi-meson systems can 
certainly be further elucidated. It is clear that 
semi-hadronic tau lepton decay can be a powerful 
and unique probe of light hadronic systems. The 
field is still very much driven by experiment. It is 
hoped that the data will provide stimulation for 
deeper theoretical work in this difficult field. 

The data are also useful for studying other as- 
pects of the Standard Model, such as the tau 
neutrino helicity h VT , the tau neutrino mass, the 
running of the strong coupling constant a s (m^), 
and contributions to vacuum polarization from 
low energy hadronic physics relevant for predict- 
ing the muon anomalous magnetic moment a^ ad 
and the running EM coupling a em {Mz)- 

We can expect more interesting results on low 
energy meson dynamics in semi-hadronic tau de- 
cay, using high-statistics measurements from B 
factories. 
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